We investigated formation of ultrathin hybrid films composed of a biodegradable polymers (ex. poly(ethylene succinate), poly(L-lactide), and poly(ε-caprolactone)) and organo-modified montmorillonite nanosheet at an air/water interface.
INTRODUCTION
Clay minerals, layered silicates, have played important roles in the modern technology. 1 These materials have received considerable attention because of their potential use in numerous technical applications, ranging from nanocomposite materials to biomedical and personal care products. 2 Clays are unique in the sense that they consist of negatively charged aluminosilicate layers kept together with exchangeable interlayer cations. These enable the clays to undergo ion exchange which makes it possible to modify their surfaces by intercalation of a cationic surfactant into the interlayer spaces.
Hence a large number of alkylammonium-modified layered silicates (organo-modified clays) have been developed, which are now widely used to form a large variety of nanocomposite materials with enhanced material properties. 3 Organo-modified clay composites have been extensively investigated in material science. For example, it was recently demonstrated that modified clays can act as powerful compatibilization agents of polymer blends and behave in a synergistic manner with standard flame retardant formulations to render a large class of polymers self-extinguishing. 4 To achieve the remarkable enhancement of the mechanical and thermal properties, it was also demonstrated that the clays must be exfoliated in the polymer matrix. The process of exfoliation is very complex, but there is general agreement that in order for it to occur, the silicate platelets must first be coated with surfactant in order to enable them to overcome strong ionic interactions. The next factor is the interaction between the polymer chains and the platelet surface and the degree of surface coverage by the surfactant which will determine whether the clays will be well dispersed or clustered within the polymer matrix.
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In order to determine whether specific functionalized clay will exfoliate in a matrix it is useful to determine these parameters. Numerous methods exist, which can characterize the interaction between the polymer and the surfactant. 6 By the way, thin films of clay minerals have been studied in application to modified electrodes, sensors, photochromic devices, nonlinear optical devices, and so on. The Langmuir-Blodgett (LB) method is one of the most useful techniques to prepare ultra-thin films. In this method, floating molecular monolayers formed at an air/water interface are deposited on a solid substrate in a layer-by-layer way. Ultra-thin films of clay minerals prepared by the LB method have been reported. Recently, the clay LB films have been hybridized with alkylammonium cations. Smectite clay is exfoliated into single clay sheets with the negative charge in an aqueous suspension at a low concentration. When a solution of an amphiphilic alkylammonium salt is spread onto the clay suspension, the negatively charged clay platelets in the suspension are adsorbed onto a floating monolayer of the alkylammonium cation at an air-clay suspension interface. The hybrid monolayers of the clay platelets and the ammonium cations formed at the interface can be transferred onto a solid surface to fabricate a hybrid multilayer. Interestingly, a floating monolayer of a water-soluble alkylammonium cation is stabilized at the air-suspension interface by the hybridization with the clay platelets. The surface pressure-area (π-A) isotherm of the hybrid monolayer is dependent on the clay concentration in the suspension: as the concentration is higher, the isotherm shifts to the larger area side. This suggests that structure and properties of the hybrid mono-and multi-layers would be varied depending on the clay concentration in the suspension. In addition, since the organo-modified montmorillonites are post-petroleum resources, it may be possible to form next generation eco-material, for example, bio-chips implanted to human body related to the phase separated structure at mesoscopic scales. Namely, patterning surface intended to construct the biological high-density memory devise is formed by phase separation between biodegradable polymer and a natural mineral. In this work, floating molecular monolayers and ultra-thin films on solid of pre-formed organo-modified montmorillonites (MMTs) were constructed by LB method. These LB multilayers of organo-modified MMTs were characterized by the out-of plane and in-plane X-ray diffraction (XRD) methods and atomic force microscopic (AFM) observation. Further, monolayer behavior on the water surface and mesoscopic morphological formation on solid of mixed organized molecular films of organo-modified MMT and biodegradable polymers (ex. Poly(L-lactide)) were investigated by π-A isotherm and AFM in mesoscopic scales.
EXPERIMENTAL
Natural Na + -montmorillonite ( Fig. 1(a) ) was kindly supplied by Kunimine Co. with the cation-exchange capacity of 108.6 meq/100 g. The organophilic clay was prepared by cation exchange reactions of natural clay (aqueous dispersion) with 0.1 % aqueous solution of dimethyl dioctadecyl (DMDO) ammonium chloride ( Fig. 1(b) ). Four kinds of quaternary ammonium cations based on long-alkyl chain are used to hydrophobic parts of clays. In order to estimate hydrophobicity and ability of formation of ordered organized film, organo-modification agent having two alkyl-chains (DMDO) are applied. In this study, poly(ethylene succinate) (PESu), poly(L-lactide) (PLLA), and poly(ε-caprolactone) (PCL) were used as amphiphic biodegradable polymers ( Fig. 2(a), (b) , and (c)). In particular, PLLA pellets with a high L-lactide content (> 99%) were kindly supplied by Unitika Co. Ltd. The weight-average molecular weight (Mw), number-average molecular weight (Mn), and the polydisperity index (Mw/Mn) were 20 × 10 4 , 10 × 10 4 , and 1.94, respectively. Both the PLLA pellets and the clay were dried in a vacuum oven at 100 °C for two days and kept at room temperature in silica gel-dried desiccators. The organo-modified clays were spread from toluene solution (approximately 10 -4 M) onto distilled water (approximately 18 MΩ·cm), respectively. The π-A isotherms were measured by a FACE film balance (Kyowa Kaimen Co.) at 15 °C. These monolayers were transferred onto glass (XRD samples) or mica (AFM samples) substrates at 15 °C using the LB method. The PLLA were spread from chloroform solutions onto distilled water. Therefore, organo-modified clays and PLLA mixed monolayers itself were transferred onto mica substrates at 15 °C using the LB method below 5 mNm structures of organized molecular films were characterized with a Rint-2200V diffractometer (RIGAKU Co.; in the case of organized molecular films, the out-of plane X-ray diffraction method was used). Ni-filtered CuKα radiation (wavelength λ = 0.154 nm) was generated at 40 kV and 40 mA. The diffracted X-ray beam was monochromatized by a pyrographite monochromatic system and monitored by a scintillation counter. The in-plane spacing of the two-dimensional lattice of the films was determined by analysis using an in-plane X-ray diffractometer for two-dimensional geometrical arrangements 7, 8 (Bruker AXS, MXP-BX, CuKα radiation, 40 kV, 40 mA, an instrument specially made to order) equipped with a parabolic graded multilayer mirror. The surface morphologies of the transferred monolayers were observed using a scanning probe microscope (Seiko Instrument, SPA300 with SPI-3800 probe station) at tapping mode utilizing microfabricated rectangular Si single crystal cantilevers with integrated pyramidal tips with a constant force of 1.7 Nm -1 .
Surface viscoelastic properties are measured by VE-AFM (visco-elastic AFM). Figure 2 shows π-A isotherms of mixed monolayer of organo-modified clay and several biodegradable polymers. In the almost all isotherms, changes in occupied molecular areas systematically depend on the mixed ratio. In the viewpoint of systematic change in collapse pressure with variation in mixed content, Fig.  3 shows plots of collapsed surface pressure of organo-modified montmorillonite and several biodegradable polymers. Generally, gradual changes in collapsed surface pressure with content implied existence of macroscopic miscibility. In this case, transition point to three-dimensional crystal of PLLA monolayer in water surface corresponds to substantial collapsed surface pressure. However, there is no dependency of transition point with content in this plot. That is to say, these systems correspond to macroscopic two-dimensional phase separation.
RESULTS AND DISCUSSION
On the other hand, there is difference of microscopic miscibility of mixed monolayers for three kinds of biodegradable polymers with organo-clay estimated by AFM observation. Figure 4 shows AFM images of 1:1 mixed monolayer of organo-modified montmorillonite with PESu, PLLA, and PCL. In the case of PESu : organo-montmorillonite =1:1 mixed monolayers, line-shaped growth of polymer domain and completely separated clay monolayer were confirmed. On the other hand, partially incorporated structure of polymer to clay domains were confirmed in PLLA : organo-montmorillonite =1:1 mixed monolayer. Further, in the case of PCL : organo-montmorillonite =1:1 mixed monolayer, difference between clay and polymer domain is indistinguishable. That is to say, there are differences in microscopic miscibility in these polymer/clay two-dimensional nanocomposite systems. From the results of out-of plane and in-plane XRD measurements, LB multilayers transferred form these mixed monolayers form the highly order layer structure and two-dimensional lattice of long alkyl-chains in clay surface. Table 1 and Fig. 5 show changes in surface elastic modulus E' values as a function of organo-modified montmorillonite ratio in mixed monolayers. Generally, visco-elastic properties in three dimensional polymer/clay nanocomposite are remarkably influenced by clay content. [9] [10] [11] In our two-dimensional case, linear dependency of E' and clay content were confirmed. These experimental facts implied controllable surface visco-elasticity in two-dimensional polymer / clay nanocomposite system.
CONCLUSION
Mixed LB films of organo-modified montmorillonite and several biodegradable polymers investigated by π-A isotherm, AFM, and VE-AFM.
Because these systems are two-dimensional ultrathin layer models related to polymer / clay nanocomposite as hybrid material in bulk, experimental results in this study are discussed in the view of formation mechanism and origin of functionality of three-dimensional polymer / clay nanocomposite materials, referring to the structural information of these organized molecular films.
